Comparative analyses on disease and nondisease (ND) genes have greatly facilitated the understanding of human diseases. However, most studies have grouped all the disease genes together and have performed comparative analyses with other ND genes. Thus, the molecular mechanism of disease on which disease genes can be separated into monogenic and polygenic diseases (MDs and PDs) has been ignored in earlier studies. Here, we report a comprehensive study of PD and MD genes with respect to ND genes. Our work shows that MD genes are more conserved than PD genes and that ND genes are themselves more conserved than both classes of disease genes. By separating the ND genes into housekeeping and other genes, it was found that housekeeping genes are the most conserved among all categories of genes, whereas other ND genes show an evolutionary rate intermediate between MD and PD genes. Although PD genes have a higher number of interacting partners than MD and ND genes, the reasons for their higher evolutionary rate require explanation. We provide evidences that the faster evolutionary rate of PD genes is influenced by 1) the predominance of date hubs in protein-protein interaction network, 2) the higher number of disorder residues, 3) the lower expression level, and 4) the involvement with more regulatory processes. Logistic regression analysis suggests that the relative importance of the four individual factors in determining the evolutionary rate variation among the four classes of proteins is in the order of mRNA expression level . presence of party/date hubs . disorder . involvement of proteins in core/regulatory processes.
Introduction
The elucidation of the genetic basis of human-inherited disorders is one of the greatest challenges for medical genetics. Toward this goal, disease genes have been compared with nondisease (ND) genes as far as various features are concerned, for example, indispensability, evolvability, tissue specificity, length, and functionality (Smith and Eyre-Walker 2003; Huang et al. 2004; Lopez-Bigas and Ouzounis 2004; Furney et al. 2006) . Although most findings were consistent with each other, a few conflicts have also been reported (Huang et al. 2004; Lopez-Bigas and Ouzounis 2004) . Smith and Eyre-Walker (2003) found that disease genes evolved faster than ND genes. In contrast, Lopez-Bigas and Ouzounis (2004) showed that human-disease genes are more evolutionarily conserved than the other ones, in agreement with the idea that genes with strong fitness effects should evolve more slowly than other genes (Jordan et al. 2002; . Interestingly, Huang et al. (2004) found no significant difference between disease and ND genes. In an attempt to resolve this controversy, Tu et al. (2006) divided human genes into three different categories: 1) essential or housekeeping genes; 2) disease genes; and 3) other genes. They observed that essential genes were the most conserved group, whereas disease genes showed an evolutionary rate intermediate between the essential and the other genes. Studies on disease genes from the global perspective have already revealed interesting insights about the nature of human diseases. Numerous intrinsically disordered proteins that lack stable tertiary and/or secondary structures are found to be associated with human diseases including cancer, cardiovascular disease, amyloidosis, neurodegenerative diseases, and diabetes (Uversky et al. 2008 Midic et al. 2009; Uversky 2009 ). Moreover, network properties influence the likelihood and phenotypic consequences of disease mutations, suggesting that disease genes tend to occupy an intermediate niche in terms of their network connectivity and cellular importance (Feldman et al. 2008) .
Most studies have dealt with disease genes that are inherited only by a simple Mendelian pattern. Though Mendelian genetics has been extraordinarily successful in the elucidation of monogenic diseases (MDs), precise mechanisms maintaining genetic variation in polygenic diseases (PDs) are poorly understood (Wright et al. 2003) . Currently, there is a major focus on studying the genetic variation underlying susceptibility to common polygenic human diseases like type1 diabetes, bronchial asthma, gluten-sensitive enteropathy, and heart diseases (Torkamani et al. 2008; Elbers et al. 2009; Manolio et al. 2009 ). These diseases are the result of the cumulative malfunction of a number of physiological traits during the course of life and are much more common than individual Mendelian disorders (Wright et al. 2003) . Although PDs are usually attributed to environmental factors, it is possible that they also have a genetic basis (Awdeh and Alper 2005) .
Taking advantage of the Disease Gene Conserved Sequence Tags (DG-CST) database that represents a valuable resource of molecular mechanisms that cause genetic diseases, we performed a comprehensive analysis comparing MD and PD genes with ND genes. Our study shows that PD genes are under weaker selection pressure than MD genes, a feature that was unexplored so far. The role of protein connectivity, protein disorder, expression level, functionality, and stable/transient interaction pattern of hub proteins has been elucidated to explain the differential evolutionary rates among the different groups of genes. The comparison of evolutionary rates and several other features between MD and PD genes will enhance our understanding of the disease process and may lead to the prediction of candidate disease genes in future.
Materials and Methods

Human Disease and Nondisease Genes and Orthologs Data
A list of 1,006 MD and 83 PD genes were obtained from the DG-CST database (http://www.dgcst.ceinge.unina.it/) (Boccia et al. 2005) . From this, the disease genes were retrieved by screening the Genecards and the Online Mendelian Inheritance in Man. CSTs are defined as sequences that show at least 70% identity between human and mouse over a length of at least 100 bp (Boccia et al. 2005) . Human protein-coding genes were retrieved from Ensembl (release 54) (http://www.ensembl.org/biomart/ martview) . Disease genes (monogenic and polygenic) were excluded from the set of human protein-coding genes, and the rest of the genes were termed as ND genes. Following the same selection criteria of disease genes, we have obtained 35,971 ND genes by using the BlastZ program (Schwartz et al. 2003) . The humanmouse orthologs of both disease and ND genes were retrieved from 1:1 orthology relationship of Ensembl (release 54) (http://www.ensembl.org/biomart/martview) because one-to-one orthologs are considered as the best orthologs over one-to-many orthologs (Vilella et al. 2009 ). The corresponding Ensembl IDs of human-mouse orthologs of disease and nondisease were used to extract the coding sequences from Ensembl. Finally, we obtained 847 MD genes, 66 PD genes, and 12,663 ND genes of human-mouse orthologs (supplementary tables S1-S3, Supplementary Material online).
Protein-Protein Interaction Data
Human protein-protein interaction data were retrieved from the Human Protein Reference Database (HPRD), version7 (http://www.hprd.org/) (Mishra et al. 2006) , which contains 9,427 proteins having annotation with at least one or more direct interacting partners (out of ;20,000 proteins annotated in this database). The HPRD represents a centralized platform to visually depict and integrate information regarding interaction networks and disease association for each protein in the human proteome. This data set is derived from the literature of high quality experimental results and manually curated by expert biologists ). Moreover, with respect to human proteinprotein interaction data, HPRD seems to be the most comprehensive (Lehne and Schlitt 2009 ) and has been frequently used in a large number of studies (Oti et al. 2006; Kandasamy et al. 2009; Seidl and Schultz 2009) . From HPRD, we first retrieved 15,458 nonredundant proteinprotein interactions and created two networks: a large network (LN) with all interactions and a high confidence network (HCN) where an interaction must have been reported by at least two independent studies. These interacting proteins were then mapped into disease (monogenic and polygenic) and ND orthologous sets. We finally obtained 672 MD, 60 PD, and 5,727 ND interacting proteins from large interaction network, whereas in HCN, we obtained 337 monogenic, 42 polygenic, and 4,065 NDinteracting proteins.
Gene Expression Data
The expression information in human was obtained from Microarray data, GNF Gene Atlas (http://www.symatlas. gnf.org/SymAtlas/) (Su et al. 2004) . Of 22,217 probe sets, 18,447 genes were annotated with Ensembl human genes. Genes represented by more than a single probe set were discarded in order to avoid recounting. Different genes sharing the same probe sets were also eliminated (with the exception of splice variants). In our data set, we finally obtained expression values for 9,282 genes. Expression values (expression signal intensities in each tissue) of genes were averaged over 19 human tissues that represent relative expression levels across 19 tissues. These 19 tissues were adrenal gland, amygdala, bone marrow, cerebellum, kidney, liver, lung, ovary, pituitary, placenta, prostate, spinal cord, testis, thyroid, tongue, trachea, spleen, thymus, and uterus. We sorted the average expression values in an ascending order and divided them into five equal groups, each containing 20% of the population, and assigned to them an expression rank from 1 (low expression) to 5 (high expression) (Ren et al. 2006 ).
Identification of Housekeeping Genes
We used the tissue specificity index s (Yanai et al. 2005) to measure the tissue specificity of human genes. The s of human gene i is defined by
where n H is the number of human tissues examined and S H (i, max) is the highest expression signal of gene i across the n H tissues. The values of s range from zero to one with higher values indicating higher variations in expression level across tissues or higher tissue specificities. If a gene is expressed in only one tissue, s approaches to one. In contrast, if a gene is equally expressed in all tissues, s 5 0. We assigned housekeeping genes by sorting our data set according to the increase in s values and taking out genes from the extreme 20% of population from the top end. Finally, we obtained 2,003 human-mouse orthologous housekeeping genes within 12,663 ND genes (supplementary table S3 , Supplementary Material online).
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MBE Expression Profile Similarity between Hub Proteins and Their Partners
The spatial expression information of human disease and ND-interacting proteins were obtained from the Gene Atlas V2 data set (http://www.symatlas.gnf.org/SymAtlas/) (Su et al. 2004) . To measure the expression profile similarity for each hub, average Pearson correlation coefficient (PCC), r was calculated between the expression level of the hub and the expression level of each of its respective interaction partners , using
Here, n 5 the number of common tissues considered, H indicates hub, and P indicates partners. S H (i, j) and S P (i, j) are the expression signal intensities of gene i in human tissue j for hub proteins and gene i in human tissue j for their partners, respectively. Hubs with average PCC lower than 0.5 were considered as binding to different partners at different times, whereas hubs with an average PCC greater than 0.5 as those that interact with their partners simultaneously.
Prediction of Protein Disorder
Prediction of intrinsic disorder for the hub and nonhub proteins was done by using the program FoldIndex, a simple tool to predict whether a given protein sequence or any region within it is intrinsically unfolded (Prilusky et al. 2005) , based on the prediction method of Uversky et al. (2000) using the default parameters. To reduce the rate of false positives, we have only considered disordered regions having a stretch of a minimum of 30 disordered residues (Obradovic et al. 2003) . The proportion of disordered residues was calculated as the ratio of the number of disordered residues to the total number of residues in the protein.
Functional Classification
Protein-coding human genes with functional annotation (14,062 genes) were extracted from Ensembl (Flicek et al. 2008) for ''biological process'' GO classification. We classified protein functions into two functional categories according to Lopez-Bigas et al. (2008) : 1) core function (evolutionary more conserved) and 2) regulatory function (evolutionary less conserved). Developmental process is generally regarded as a regulatory process, but developmental genes are conserved in case of mammals (LopezBigas et al. 2008) . Thus, in our study, the proteins involved in developmental processes were considered as a conserved biological functional group. Table 1 shows the two functional classes under different selection pressures.
Sequence Analysis
Pairwise synonymous (d s ) and nonsynonymous (d n ) distances between the orthologous genes of human and mouse were calculated using the PAML package with default parameters (Yang and Nielsen 2000) . The nonparametric Mann-Whitney (M-W) U test was used to evaluate the significance of all the pairwise differences. Logistic regression analysis was carried out to examine independent and separate influence of each parameter in guiding the evolutionary rate. For logistic regression analysis, we transformed all continuous variables into binary variables. We used the average value of numerical variables as cutoffs and coded as 1 for above the cutoff value and ''0'' for below the cutoff value. All the statistical tests were performed using the SPSS (13.0) package.
Results
Evolutionary Rates of Genes Involved in MDs and PDs
Depending on the genetic basis of disease causing phenomenon, disease genes can be classified into two groups: 1) MD, caused merely by the modification of a single gene and 2) PD, caused by several substitutions in a number of genes. To investigate whether such difference leads to a different scenario of evolution of disease genes in Homo sapiens, we measured the nonsynonymous (d n ) coding sequence substitution rates by the realistic evolutionary models of Yang and Nielsen (2000) between two different categories of disease genes. The average nonsynonymous substitution rate (d n ) of MD genes (d n 5 0.091) was significantly lower than that for PD genes (d n 5 0.193) (P value of M-W test was 4.5 Â 10 À2 ). Smith and Eyre-Walker (2003) divided all human genes into disease and ND genes and provided evidences that disease genes evolve faster than ND genes. We also found that both sets of disease genes showed significantly faster evolutionary rate (P value for M-W [M-W] test 5 2.0 Â 10 À3 [MD vs. ND] and 1.0 Â 10 À3 [PD vs. ND]) than those for ND genes (d n 5 0.084). Previously, it has been reported that disease genes show an intermediary evolutionary rate between housekeeping and other genes (Tu et al. 2006) . After dividing ND genes into two such classes (housekeeping and other genes), we also found that the evolutionary rate of disease genes was intermediate between housekeeping and other genes (d n of housekeeping genes 5 0.056, disease genes 5 0.096, other genes 5 0.128; each value was significant with each other at least at 0.05 level in M-W test). Nonsynonymous substitution rates (d n ) for the four classes of genes (housekeeping, other, monogenic, and polygenic) derived from humanmouse orthologous pairs are represented in table 2.
Protein-Protein Interaction Properties for MD and PD Genes
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Podder and Ghosh · doi:10.1093/molbev/msp297 MBE fewer) interacting partners, because substitution in protein-interacting sites is likely to perturb proper interaction (Fraser et al. 2002 (Fraser et al. , 2003 . The substantial decrease in the evolutionary rate of MD genes compared with PD genes led us to investigate the influence of protein connectivity on their evolutionary rates. In our data set, we observed that PD genes have a significantly higher connectivity (average connectivity 5 15. Feldman et al. (2008) who found that protein connectivity in PD genes is significantly higher than in MD genes. Proteinprotein interaction networks comprise both hub (highly connected) and nonhub (lowly connected) proteins. According to Jeong et al. (2001) , hub proteins play a crucial role in the architecture of the protein-protein interaction network. We examined if hub proteins belonging to the disease and ND protein-protein interaction networks are responsible for causing the difference in evolutionary rates. For this purpose, we excluded all nonhub proteins (those proteins with only one or two interacting partners) from all the data sets and measured the nonsynonymous substitution rates in each of the four different categories of genes. We found that the evolutionary rate differences among the four groups remained significant in the M-W test (P , 0.05) (supplementary table S4, Supplementary Material online). These results indicate that stable/transient interaction mechanisms of hub proteins might be responsible for modulating evolutionary divergence in the four different groups of genes.
It has been shown that the rate of substitution of a hub is constrained by the area of the protein surface involved in interactions (Kim et al. 2006) . Moreover, it has been observed that multiinterface hubs (party hubs) having highly correlated cellular expression with their interacting partners with which they interact simultaneously, exhibit relatively more conserved evolutionary rates than singleinterface hubs (date hubs) that bind their different partners at different times or locations. To investigate whether transient interacting hubs are more likely to be associated with PD genes than with MD and ND genes, we measured the expression profile similarity between each protein and its interacting partners. Figure 1 clearly shows that PD proteins are rarely coexpressed with their interacting partners as compared with MD proteins and ND proteins Exploring the Differences in Evolutionary Rates · doi:10.1093/molbev/msp297 MBE (housekeeping and other proteins). This result suggests that PD genes encode proteins that mostly belong to single interface hubs. The rare coexpression of PD genes with their interacting partners implies that this group of genes mostly behave like date hub proteins as observed in Saccharomyces cerevisiae (Han et al. 2004 ). These results corroborate previous studies (Jordan et al. 2003; Podder et al. 2009) showing that the number of protein-protein interactions does not exert any constraint on the evolutionary rate of proteins, whereas the interacting pattern (stable-transient interaction) does have a major influence. This may be a reason for the faster evolutionary rate of PD genes than the other three groups of genes.
Structural Disorder in Proteins Encoded by Disease Genes
It has been observed that single-interface hub has higher levels of disordered regions than multi-interface hub (Singh et al. 2007; Kim et al. 2008) . In several protein families, it was also demonstrated that disordered regions have a faster evolutionary rate than the ordered regions (Brown et al. 2002) . Hence, it is reasonable to assume that the PD proteins might be associated with the larger number of disorder residues compared with the other three groups. Calculation of disorder residues in the different classes of proteins shows that the percentages of unstructured protein regions in ND genes, MD genes, and PD genes are, respectively, 21.33% (18.98% [housekeeping], 29.04%
[other]), 27.31%, and 34.67%, and the difference between each of the above values is significant at P , 0.05 (in M-W test). Therefore, we can infer that the presence of disorder residues in protein can be regarded as a supporting evidence for controlling the difference in evolutionary rates between these groups of genes.
Functionality and Expression Level of Disease Genes
The type of disease phenotype that a particular mutation causes is typically related to the biological process in which the gene is involved as well as to the expression pattern of the gene (Lopez-Bigas et al. 2006) . Recently, it has been demonstrated that regulatory processes, such as signal transduction, transcription, and receptor activity, have a high degree of plasticity, whereas core processes, such as metabolism, transport, and protein synthesis are largely conserved in human and mouse (Lopez-Bigas et al. 2008 ).
To examine whether functional importance plays a key role in the variation of the evolutionary rates among different categories of genes, we measured gene functionality based on the Gene Ontology project. We found that ND genes (housekeeping and other), MD genes, and PD genes have distinct functional distributions. Table 3 shows that ND genes are significantly more (66.1%) (housekeeping 5 72.02%, other 5 56.3%) attached to conserved biological processes than MD (61.5%) and PD (41.9%) genes. This suggests that disease genes are involved in more advanced mechanisms that are required for the fine tuning of certain biological processes. Finally, we compared the expression levels of disease and ND genes because the expression level is the strongest correlate of evolutionary rate (Drummond et al. 2006) . Within disease genes, monogenic genes are more highly expressed than polygenic genes (ND 5 3.49 [housekeeping 5 3.93 and other 5 3.03], MD5 3.28, PD 5 2.67, each value having FIG. 1. Expression profile similarity/dissimilarity between hub and its corresponding partners for the four classes of genes. Podder and Ghosh · doi:10.1093/molbev/msp297 MBE a significant difference with the others determined in M-W test, P , 0.05). Our results emphasized that protein disorder, expression level, functionality, and stable-transient interaction pattern of hub proteins are the major determining forces for the different evolutionary rates observed among the four classes of genes (Brown et al. 2002; Jordan et al. 2002; Kim et al. 2006; Lopez-Bigas et al. 2008; Kahali et al. 2009 ).
Influence of Each Factor in Driving Evolutionary Rate Variation among Different Groups of Genes
In order to investigate if all the abovementioned parameters independently influence the evolutionary rate, we performed logistic regression analysis. Because not all the variables belong to the same category (some are continuous, some are binary), we grouped all the continuous variables (evolutionary rate, expression level, connectivity, and disorder) into two clusters to transform all the factors into binary variables as described in the Materials and Methods section. Subsequently, we also computed the genes that are involved in core and regulatory functions as 0 and ''1,'' respectively, and likewise party and date hubs as 1 and ''0,'' respectively. Logistic regression analysis was preferred as we can observe the independent influence of each parameter (if any) on the evolutionary rate and at the same time can measure the contribution of all potential predictor variables to the regression model. Our analysis showed that except protein connectivity (P 5 0.8883); expression level (P 5 0.0015) and stable-transient mode of interaction with its partners in the network (P 5 0.0042) guide the evolutionary rate negatively, whereas protein disorder (P 5 0.0061) and involvement of proteins in core/regulatory function (P 5 0.0027) regulate the evolutionary rate positively. From the Regression coefficient value (b) of each potential parameter, it can be inferred that expression level (b 5 4.224) is the most influential predictor of the evolutionary rate followed by the presence of party/date hubs (b 5 1.255), disorder (b 5 1.106) and involvement of proteins in core/regulatory processes (b 5 1.003).
Discussion
Previously, human genetics was particularly concerned with morbid genes, which can harbor alleles that adversely affect health. Kondrashov et al. (2004) claimed that gene essentiality and morbidity are strongly related and a morbid gene responsible for a Mendelian disease is generally essential. Furthermore, it was demonstrated that human genes involved in disease have slower evolutionary rates compared with ND genes (Lopez-Bigas and Ouzounis 2004). In contrast to the previous studies (Huang et al. 2004; Lopez-Bigas and Ouzounis 2004) , our analysis is in agreement with Smith and Eyre-Walker (2003) revealing that the disease genes evolved at a significantly faster rate than ND genes. The contradicting conclusions from the previous studies (Huang et al. 2004; Kondrashov et al. 2004 (Tu et al. 2006) depending on mutations that lead to different severe phenotypes (Ng and Henikoff 2002; Hamosh et al. 2005) . In addition, Park et al. (2008) demonstrated that embryonic lethal genes, the most essential genes in mouse, were less likely to be disease genes than ND genes. Recent reports also confirmed that the majority (60-75%) of disease genes appear to be nonessential (Goh et al. 2007; Liao and Zhang 2008) . However, the mode of ND gene evolution is more affected by lethal mutations than by mutation with no phenotypic effect (Smith and Eyre-Walker 2003) . When Tu et al. (2006) subtracted a set of defined essential genes (i.e., ubiquitously expressed housekeeping genes) from ND genes, it was observed that disease genes with an intermediate essentiality evolve at an intermediate rate between housekeeping and other human genes. The similar observation is also echoed in our study (table 1) . Comparison of evolutionary rates within the sets of disease genes (both monogenic and polygenic) revealed that MD genes are more conserved than PD genes and both sets of genes evolved significantly faster than ND genes. Looking for the reasons to explain such an evolutionary pattern of genes, we found several significant differences between MD and PD genes, in terms of protein-interacting pattern (stable-transient interactions), protein disorder, functionality, and expressivity. Although PD proteins are more highly connected compared with monogenic as well as ND proteins, they are under lesser selection pressure. Such an unexpected evolutionary pattern of PD genes can be explained by the pattern of interaction (stable-transient interactions) with their partners. Our result suggests that the lowering of evolutionary rate in MD is solely contributed by the presence of date/party hubs ( fig. 1 ). This conclusion is also supported by the presence of more disordered residues in PD proteins than MD and other ND proteins. Thus, our result is compatible with the previous reports (Brown et al. 2002) on the connection between protein disorder and evolutionary rate. Another plausible biological reason behind the conserved evolutionary pattern of MD genes than PD genes is the basis of their mode of action. A single gene is required to exert strong monogenic effects on disease as it is responsible for the rate-determining steps in disease pathways (Wright et al. 2003) . Accumulation of mutation is not favored in MD genes as multiple mutations may compensate the disease phenotype. However, in the case of PDs, a number of genes with small effects are required to cause the disease, suggesting that neither of these is associated with the rate-determining steps. Selection pressure for PD genes is reduced due to the fact that single gene substitution may not alter the whole disease phenotype. Moreover, PD genes are typically more prevalent in postreproductive life, which suggests that they may be less susceptible to selection constraints (Wright et al. 2003) . It was also reported that most complex PD alleles identified to date are partially recessive (Wright and Hastie 2001) , and recessive disease genes are Exploring the Differences in Evolutionary Rates · doi:10.1093/molbev/msp297 MBE known to evolve faster than dominant disease genes (Furney et al. 2006) . We confirmed our result by exploring the functionality and expression pattern of the genes. Increased involvement in regulatory processes (table 3) and lower expression level in tissues impose a reduced selective constraint on PD genes compared with MD genes. Logistic Regression analysis suggests that the relative importance of four individual factors in determining evolutionary rate variation between four categories of genes is in the order of mRNA expression level . pattern of interaction (stable-transient interaction) with its partners . protein disorder . involvement of proteins in core/regulatory function. We hereby propose that the differences between MD and PD genes should be taken into account in future disease gene-prediction studies.
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